The physiological differences of individual cells of bacterial population may imply the existence of cell subpopulations with different sensitivity to chlorine, which may affect the efficiency of drinking water disinfection. The susceptibility of individual bacterial cells to chlorine was examined using flow cytometry.
INTRODUCTION
The disinfection of drinking water by chlorine for inactivation of waterborne pathogens is widespread due to its potency and low cost (Sobsey et al. ; Shannon et al. ) . Inactivation kinetics of bacterial cells by disinfection of water with chlorine has been studied extensively for almost a century. All the disinfection kinetic models, including the Chick-Watson model, are based on an assumption that treated microbial populations are physiologically homogeneous (Haas & Kaymak ) . However, it is well known that individual microbial cells within a population are not identical in terms of their physiological states (Ivanov ; Muller et al. ; Rezaeinejad & Ivanov ) . Therefore, it could be expected that individual cells within microbial population have different susceptibility to disinfection of water.
Microbial populations in nutrient-limited conditions of drinking water are extremely heterogeneous in terms of cell physiological states (Kaprelyants et al. ) . Starved or slow growing microbial cells are more resistant to physical or chemical stresses (Kolter et al. ; Berney et al. ) . Microbial water quality is generally assessed based on the presence of indicator bacteria such as Escherichia coli (Field & Samadpour ) . The conventional technique of heterotrophic plate count (HPC) has been routinely used for evaluation of disinfection impact on microbiological quality of water (Pernitsky et al. ) . The cultivationbased method may not be sensitive for the starved and stressed bacterial cells in drinking water. Bacterial cells under certain conditions, e.g., treatment by chlorine, may enter into a 'viable The viability of microbial cells at the single-cell level could be assessed based on physiological indices such as integrity of cell membrane, maintenance of cell membrane potential and presence of respiratory activity (Joux & Lebaron ; Rezaeinejad & Ivanov ) . Membrane integrity of cells can be measured by uptake of membraneimpairment dyes, e.g., propidium iodide (PI), which intercalates with double-stranded nucleic acid (Phe et al. ) .
Membrane potential oxonols dye of DiBAC 4 (3) accumulates in the intracellular space of a cell with interior-positive membrane potential or a dead cell, and binds to the intracellular lipid-containing elements (Diaz et al. ) . The tetrazolium dye of 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) is commonly used as an indicator of respiratory activity as well as viability (Hatzinger et al. ; Rezaeinejad & Ivanov ) .
In this study, different fluorescent probes of PI, DiBAC 4 (3) and CTC were used in combination with flow cytometry to detect subpopulations of E. coli during inactivation of bacterial cells by chlorine. The aim of this study was to assess the correlation between physiological states of individual cells of E. coli population and their sensitivity to chlorine.
MATERIALS AND METHODS

Bacterial strain and cultivation conditions
Strain of Escherichia coli ML 308 was obtained from German Collection of Microorganisms and Cell Cultures (DSMZ). Cells were grown in 100 ml of Luria-Bertani broth medium (Difco TM , Becton Dickinson, MD, USA) in 500 ml bottles (Schott Duran, Germany) placed in a shaker incubator at 37 W C and 200 rpm.
Bacterial cells were sampled after 5 h of cultivation (fast-growing cells from exponential phase of batch culture) and 24 h of cultivation (slow-growing cells from stationary phase of batch culture). Cells were washed twice with sterile phosphate buffered saline (PBS) (pH 7.2) by centrifugation for 10 min at 3,398 g and adjusted to concentration of 10 8 cells ml À1 in PBS.
Turbidity measurements and growth rate calculation of bacterial population
The microbial growth was determined by measurement of optical density of cell suspension at 600 nm (OD 600 ) at 1 h intervals using spectrophotometer DU 640B (Beckman Coulter, USA) versus a blank, which was the same medium without cells.
The specific growth rates (μ) were calculated for linear parts of semi-logarithmic growth curve using equation μ ¼ Δ ln OD 600 /Δt, where t is time (Lynch & Hobbie ).
Chlorine measurement procedure
Chlorine solution was prepared with an aqueous sodium hypochlorite (NaClO) reagent (commercial solution of liquid chlorine bleach, GB Chemicals, Singapore) at pH 7 with demand free membrane-filtered (Minisart membrane with 0.2 μm pores, Sartorius) water.
The concentration of free chlorine in a freshly prepared standard solution was measured by DPD (N, N-diethyl-pphenylenediamine, Sigma-Aldrich, USA) method with a spectrophotometer (DU 640B, Beckman Coulter, USA) at wavelength of 530 nm. The DPD reagent was prepared by dissolving of 1.1 g l À1 DPD sulfate in water (Moberg & Karlberg ) .
Treatment of bacterial cells with chlorine
Aliquots of cell suspensions in water (pH 7) were spiked with chlorine solutions of different concentrations ranging from 0.001 to 0.01 mg l À1 and incubated for different times (3, 6 and 10 min) at room temperature (25 W C). The control cell samples were incubated for 10 min in solution with 1 mg l À1 free chlorine. The residual chlorine neutralized by addition of sodium thiosulfate and was removed by washing cell suspension twice with PBS, pH 7.2, followed by centrifugation for 10 min at 3,398 g. A non-chlorinated control sample was prepared in the same conditions. CT value ('C' is chlorine concentration in mg l À1 and 'T' is contact time in min) was used to describe the effect of chlorine on bacterial inactivation. The cell suspensions were subsequently washed twice in PBS and the pellet was re-suspended in PBS for analysis by flow cytometry (Rezaeinejad & Ivanov ) .
Staining of cells with LIVE/DEAD BacLight™ viability kit
Staining of cells with CTC
An aliquot of 100 μl of the stock solution (50 mM) of CTC (Polyscience, Inc., Warrington, PA, USA) was added to a test tube containing 900 μl of bacterial cell suspension and incubated with agitation at 200 rpm in the dark at 25 W C for 1 h. Final concentration of CTC was 5 mM (Rezaeinejad & Ivanov ) .
Staining of cells with DiBAC 4 (3)
The 
Flow cytometry data acquisition and analysis
Flow cytometry analysis was carried out using Becton Dickinson (BD) FACSCalibur TM flow cytometer with CELLQuest TM software for data acquisition. In total, 50,000 cells were counted, based on 488 nm excitation by 15 mW air cooled blue argonion laser. Fluorescence was measured using a band pass filter 530 ± 15 nm for green fluorescence of DIBAC 4 (3), and a band pass filter 620 ± 10 nm for red fluorescence of CTC and PI.
Sheath flow rate was 10 ml min À1 and sample analysis rate never exceeded 1,000 events s À1 . Analysis of data was carried out using FlowJo V.7.2.5 software (www.flowjo.com).
RESULTS
Two E. coli cell populations with specific growth rates of 0.2 h À1 (slow-growing cells) and 0.9 h À1 (fast-growing cells)
were exposed to free chlorine with concentration ranges from 0.001 to 0.01 mg l À1 during different contact times of 3, 6 and 10 min. The inactivation of E. coli cells was detected using flow cytometry in triplicate for each sample. The mean and standard error of three measurements for each sample were calculated using PASW statistics 18 (SPSS Inc., USA).
Two cell subpopulations were detected by flow cytometry analysis: (1) cell subpopulation (R2) (live cells), which stained only with green fluorescent dye of SYTO9; and (2) cell subpopulation (R1) (dead cells), which stained with both SYTO9 dye and red fluorescent dye of PI (Figure 1) .
The fraction of dead cells in E. coli population, after 3 and 10 min exposure to 0.01 mg l À1 of free chlorine solution were 71 and 99%, respectively (Figures 1(a) and 1(b) ). The data in Figure 2 were derived from the flow cytometry analysis of E. coli cells stained with PI. The CT values required for 2-log inactivation (CT 99 ) of E. coli cell populations with μ ¼ 0.9 h À1 and μ ¼ 0.2 h À1 were 0.06 and 0.09 mg min l À1 , respectively ( Figure 2) . The log inactivation for E. coli cell populations with μ ¼ 0.9 h À1 and μ ¼ 0.2 h À1 at CT value of 0.06 mg min l À1 were 2.1 ± 0.07 (mean ± standard error) and 0.68 ± 0.04 (mean ± standard error), respectively ( Figure 2) .
The effects of chlorine on E. coli cell populations with different specific growth rates were determined during exposure to a range of chlorine concentrations from 0.001 to 0.01 mg l À1 for contact time of 3, 6 and 10 min (Figures 3 and 4 ). There were no significant differences between log inactivation of both populations with μ ¼ 0.9 h À1 and μ ¼ 0.2 h À1 during 3 min exposure to different concentrations of chlorine (Figures 3 and 4) . The log inactivation of E. coli cell population with μ ¼ 0.9 h À1 for contact time of 6 min to chlorine concentration of 0.009 mg l À1 was threefold higher than cell population with μ ¼ 0.2 h À1 . Both E. coli cell populations with μ ¼ 0.9 h À1 and μ ¼ 0.2 h À1 were inactivated by 2-log (99% of inactivation) after 10 min exposure to chlorine concentration of 0.009 mg l À1 (Figures 3 and 4) .
The data in Figure 5 were derived from flow cytometry analysis of cells stained with membrane potential probe of DiBAC 4 (3). The log inactivation determined by DiBAC 4 (3) for each datum point ( Figure 5 ) was underestimated in comparison with the log inactivation determined by PI ( Figure 2) . The log inactivation of E. coli cell population with μ ¼ 0.9 h À1 determined by DiBAC 4 (3) at CT value of 0.09 mg min l À1 was 1.5 ± 0.09 (mean ± standard error).
The data in Figure 6 were derived from flow cytometry analysis of E. coli cells stained with CTC. The log inactivation determined by CTC dye for E. coli cell populations with μ ¼ 0.9 h À1 and μ ¼ 0.2 h À1 at CT values of 0.09 mg min l À1 were 1.83 ± 0.09 (mean ± standard error) and 0.88 ± 0.04 (mean ± standard error), respectively ( Figure 6 ).
DISCUSSION
Our findings suggested that genetically identical bacterial cells can exhibit different levels of susceptibility to chlorine due to their physiological differences. The susceptibility of bacterial cells to chlorine was associated with specific growth rate of bacterial population. Membrane integrity and respiratory activity of cells were the two most suitable cell parameters for the In this study, CT 99 for slow-growing E. coli cells ( Figure 2 ) was in agreement with data from the previous studies.
It was reported that a fraction of E. coli cell population can enter a 'persister' physiological state with lower growth rate and higher resistance to stress such as antibiotic treatment (Balaban et al. ). The differences in log inactivation of E. coli cell populations with μ ¼ 0.9 h À1 and μ ¼ 0.2 h À1 at CT value of 0.06 mg min l À1 showed the presence of a subpopulation of E. coli cells with lower susceptibility to chlorine only in the latter one ( Figure 2 ).
There were approximately three cell subpopulations in respect to sensitivity to chlorine: (1) cells with lower resistance to chlorine, which were deactivated after 3 min exposure to 0.009 mg l À1 chlorine (existing in both slow and fast-growing populations); (2) cells with moderate resistance to chlorine, which were deactivated after 6 min exposure to 0.009 mg l À1 chlorine (existing merely in fastgrowing populations); and (3) cells with higher resistance to chlorine, which were not deactivated after 6 min exposure to 0.009 mg l À1 chlorine (existing only in slowgrowing populations) (Figures 3 and 4) . The presence of a resistant cell subpopulation in slow-growing E. coli population to chlorine at sub-lethal CT value of 0.06 mg min l À1 suggested that the slow-growing population was more physiologically heterogeneous in respect to cell sensitivity to chlorine.
The effect of chlorine on the cell viability indicators However, this study showed that the probes for membrane integrity and respiratory activity parameters were very effective in the assessment of viability in E. coli cells after chlorine treatment.
It was stated that free chlorine continuously penetrates into the cell and reacts with intracellular components without involving significant changes in cell permeability ( 
CONCLUSIONS
• The susceptibility of bacterial cells to chlorine depends on the physiological state of individual cells. The slow-growing E. coli cells (μ ¼ 0.2 h À1 ) were more recalcitrant than fast-growing cells (μ ¼ 0.9 h À1 ) to the chlorine inactivation.
• The effects of chlorine on cell viability can be evaluated by the probes for membrane integrity and respiratory activity, whereas highly chlorinated E. coli cells could not be detected by DiBAC 4 (3) membrane potential probe as a viability indicator.
• Flow cytometry in combination with specific fluorochromes provides a powerful technique for the evaluation of kinetics and mechanisms of bacterial disinfection by chemical agents.
